Background: Current anti-tuberculosis therapeutics are not sufficiently effective against drug-resistant tuberculosis (DR-TB), and there is a need for new drugs and therapeutic approaches. It has been proposed that repurposing clofazimine for DR-TB treatment might be one way to increase therapeutic options.
Introduction
The global burden of drug-resistant tuberculosis (DR-TB) is growing. In 2010, an estimated 650000 cases of DR-TB were reported worldwide. Alongside the rising prevalence of DR-TB, there has been an increase in the spread of cases due to direct contact with DR-TB patients, making DR-TB an epidemic in its own right, especially in high-burden settings. 1 Current guidelines recommend at least 20 months of treatment, but current regimens are toxic, poorly tolerated and inadequately effective, with cure rates as low as 36% and default rates as high as 50%. 2 -8 Given these challenges, and the growing number of cases resistant to traditional tuberculosis (TB) drugs, there is a pressing need for new drugs and approaches to treating DR-TB. However, despite recent advances, therapeutic options are still limited. An additional, complementary strategy is to repurpose existing drugs. 9 One such drug that has recently attracted interest for use in the management of DR-TB is clofazimine. Clofazimine, a member of the riminophenazine antibiotic class, was initially studied for use in TB. However, after it was found to have poor in vivo efficacy in guinea pig and simian models, its clinical development was abandoned.
2, 10 Since then, clofazimine has been found in both pre-clinical and clinical studies to be effective against other mycobacterial diseases including those caused by Mycobacterium leprae, Mycobacterium avium complex and Mycobacterium kansasii. 10 -13 The effectiveness of clofazimine against mycobacteria is thought to be due to its long half-life (65 -70 days), slow metabolic elimination, high concentration in macrophages and rapid localization within phagocytes. 9, 14, 15 Recent in vitro and in vivo trials show good efficacy and low toxicity against DR-TB mycobacterial strains in mice. 16 # The Author 2012. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com J Antimicrob Chemother 2013; 68: 284 -293 doi:10.1093/jac/dks389 Advance Access publication 10 October 2012 Additionally, a number of recent clinical studies have noted successful outcomes of shortened DR-TB treatment regimens containing clofazimine. One recent study in Bangladesh reported cure rates as high as 84.2% using a 9 month regimen containing clofazimine. 17 With these promising early results, clofazimine is being considered for future new regimens, including through a large multi-country, randomized control trial (the STREAM trial).
In order to frame recent studies within the broader evidence base, we systematically reviewed the currently available clinical data regarding the efficacy and safety of clofazimine in the treatment of DR-TB.
Methods
This review was conducted according to PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines for reporting systematic reviews. 18 Search strategy and selection criteria Bibliographies of all relevant articles were also reviewed.
We sought randomized trials and observational studies involving adults or children testing positive for DR-TB, including multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB), in which clofazimine was used as part of the treatment regimen. If studies used clofazimine for some patients and did not disaggregate outcomes overall, authors were contacted for clarification. Given the anticipated paucity of data, case series of five or more patients were also included. In the case of duplicate publications from the same study site, the most complete study was included.
Data extraction and management
Data were extracted from studies in duplicate by two researchers (T. D. and N. F.). The primary outcome was treatment success; secondary outcomes were death, failure, treatment stoppage/interruption, transfer, default, and adverse events.
Treatment outcomes were recorded in line with adapted definitions of those given in WHO guidelines, 2 as follows: treatment success, defined as the number of patients cured or who completed treatment combined; death, defined as death from any cause while on treatment; failure, defined as unsuccessful treatment as determined by positive cultures at the end of the treatment regimen; stoppage/interruption, defined as cessation or interruption of clofazimine-containing treatment regimen because of adverse reactions; transfer, defined as transfer to another facility but known to be still under care; and default, defined as dropout from the programme with unknown outcome. Study quality was assessed using a modified Newcastle-Ottawa scale. 19 A pre-defined data extraction form (Excel) was used to extract data from each study selected for review. The following information was recorded: study characteristics (authors, setting, study design and hospitalization), patient characteristics [age, populations, drug susceptibility testing (DST) availability, drug resistance pattern, resistance to clofazimine, previous TB regimens, HIV status and other comorbidities], treatment characteristics (number of patients receiving clofazimine, duration of whole treatment, duration of treatment involving clofazimine, dose of clofazimine and partner drugs included in treatment regimen) and treatment outcomes.
Data analysis
Point estimates and 95% CIs for the proportion of patients achieving treatment outcomes were calculated, after stabilizing the variance of the raw data using a Freeman-Tukey-type arcsine square-root transformation. Estimates were then pooled for the primary outcome of treatment success using a DerSimonian -Laird random effects model. We report the t 2 statistic as a measure of between-study variance. All analyses were conducted using Stata (version 12, Stata Corp., College Station, TX, USA).
Results
The search strategy retrieved 1456 potential articles, of which 72 were screened as full-text articles and six were taken through for analysis. 17,20 -24 One additional article was included through bibliography screening, 25 and five studies were included as conference abstracts, 26 -30 giving a total of 12 studies comprising 3489 patients across 10 countries taken through for analysis ( Figure 1 ). One study used six different treatment regimens collapsed into two treatment arms: those treated with clofazimine in the intensive phase, and those treated with clofazimine throughout therapy. These two arms are reported separately, giving 13 data sources overall. 17 Study and treatment characteristics are summarized in Tables 1 and 2 . All studies were observational studies. Seven studies included only patients with MDR-TB, two studies included only patients with XDR-TB and three included both MDR-TB and XDR-TB patients. Ten studies reported that DST was carried out for all patients to confirm DR-TB, two studies specified that DST was carried out for first-line anti-TB drugs and two carried out DST for both first-and second-line drugs. No study reported any resistance to clofazimine, although eight studies stated that this was not tested.
Ten studies provided information on HIV status. In one study, 8% of patients (184/2305) were HIV positive. 26 In three studies, one patient was HIV positive. 17, 23, 29 Another study reported that some patients were HIV positive, but did not report numbers. 25 The remaining studies all reported that all patients tested for HIV were negative. 22, 24, 27, 28, 30 Four studies listed patients having additional comorbidities. 17, 24, 25, 29 Ten studies provided data on duration of therapy, which ranged from 2 to 1729 days, and also provided data on the length of therapy involving clofazimine. Nine of these studies reported the same duration as for therapy overall; however, in one study 17 some patients were given clofazimine solely in the intensive phase (3 months), while the rest received clofazimine throughout treatment. Only five studies detailed the dose of clofazimine: all five studies gave clofazimine as a daily dose, which ranged between 50 and 300 mg. Seven studies reported that patients were hospitalized for a part or all of Systematic review 285 JAC therapy; of these, two studies stated that patients were hospitalized for the intensive part of therapy. 20, 22 Three studies reported that patients were hospitalized throughout therapy. 21, 23, 24 One study reported that hospitalization was offered to patients, but was not mandatory. 25 In one study, 80% (12/15) of patients were treated under direct observation and hospitalized. 29 
Study quality
When methodological quality was assessed on the modified Newcastle-Ottawa scale, most studies had a medium risk for selection bias, a low risk for measurement bias and a medium to high risk for bias in the assessment of outcomes (Table 3) .
Treatment outcomes
Treatment success, reported by 11 studies (3472 patients), ranged from 16.5% (95% CI 2.7% -38.7%) to 87.8% (95% CI 76.8% -95.6%); the overall pooled proportion of treatment success was 61.96% (95% CI 52.79% -71.12%) (t 2 0.07) (Figure 2) . One large study contributed outcomes for 2305 patients. We investigated the potential influence of this single study in a sensitivity analysis that excluded these data from the meta-analysis; dropping this study did not importantly change the overall estimate of treatment success (59.9%; 95% CI 47.3% -72.5%). There was no apparent difference in the proportion of patients achieving treatment success according to whether the study was an article or an abstract and whether or not patients had comorbidities. Data on dosage, duration of therapy and hospitalization were too poorly reported to be meaningfully assessed. Systematic review Mortality during therapy, reported by 11 studies (3472 patients), ranged from 3.2% (95% CI 1.1% -6.4%) to 29.9% (95% CI 10.3%-54.7%). Treatment failure, reported by eight studies (3409 patients), ranged from 1.0% (95% CI 0.1%-2.6%) to 63.4% (95% CI 38.3% -85.0%). Treatment stoppages/interruptions, reported by four studies (446 patients), ranged from 6.3% (95% CI 3.6%-9.7%) to 14.6% (95% CI 0.7%-41.8%). Defaulting from treatment, reported by four studies (2966 patients), ranged from 3.2% (95% CI 0.1% -10.3%) to 10.4% (95% CI 7.7% -13.4%). Finally, adverse events, reported by six studies (3503 patients), ranged from 13.8% (95% CI 2.2% -32.9%) to 87.8% (95% CI 76.8% -95.6%). The most common adverse events reported were gastrointestinal disturbances, e.g. nausea, vomiting and abdominal pain, and skin pigmentation (Table 4) .
Discussion
This review has found that DR-TB patients treated with clofazimine achieved a level of treatment success in line with treatment outcomes for MDR-TB in general (62%).
5, 31 There was, however, 
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substantial variation between studies in the proportion of patients achieving treatment success. Four studies reported a success rate of ,40%, but these were smaller studies (≤15 patients), resulting in wide CIs, and so this finding should be interpreted with caution. Of note, two of these studies used clofazimine exclusively for the treatment of patients with XDR-TB, which may explain the lower treatment success rate of these studies. At the other extreme, three studies reported a success rate of greater than 80%. These studies included a relatively larger numbers of patients, and the lower confidence limits for these point estimates were all above 60%. In one study, clofazimine replaced the more poorly accepted and toxic prothionamide and was used in both the intensive and continuation phases. 17 Clofazimine's use may have resulted in fewer defaults from treatment, conferring a more successful outcome.
One study used clofazimine for two different durations of therapy. 17 When clofazimine was used only in the intensive phase, the proportion of patients achieving success was lower (66%) than when clofazimine was used in both the intensive phase and the continuation phase (87%), potentially suggesting that longer duration of therapy with clofazimine may be associated with a better outcome.
The number of deaths and failures are similarly in line with reported outcomes for MDR-TB treatment overall.
5, 31 Failure of treatment may be due to increasing resistance to drugs. Although the majority of studies (10/12) stated that DST was carried out, no studies tested for clofazimine, and only two specified that DST was carried out for both first-and second-line drugs. 20, 23 HIV/DR-TB-co-infected patients are often considered to be harder to treat and more likely to die. 23, 32 However, the study reporting the highest number of HIV/DR-TB-co-infected patients achieved a 65% success rate, in line with the overall findings. 26 The proportion of adverse events was high, but again not importantly different from adverse events reported by other DR-TB treatment reviews. 10, 15 The majority of side effects reported by the studies in this review were not considered to be serious and could be managed through simple psychological support and symptomatic palliation, an advantage over other secondline therapeutics. 21 This might explain the relatively low number of treatment stoppages. Notably, none of the studies reported cardiac toxicity. 33 Adverse events are thought to be dose related. 10, 34 In one study, lowering the dose of clofazimine to 100 mg every other day was beneficial in managing the side effects of skin discoloration in 20 patients and gastrointestinal side effects in 11 patients. 24 A recent review noted that the reddishbrown skin discoloration is gradually reversible upon cessation of therapy. 10 Nevertheless, another study noted that a patient suffered from depression due to skin discoloration. 24 Depending on the extent of the skin discoloration, it might be prudent to provide additional psychosocial support to patients undergoing clofazimine treatment. Unfortunately, the information reported Systematic review by studies in this systematic review was insufficient to draw any conclusions about dose-related outcomes. There are several strengths and limitations to note. We employed a broad search strategy, allowing analysis of 3489 patients from both articles and abstracts. However, outcomes and key study and treatment characteristics were not consistently reported, limiting the number of analyses that could be done. We limited our meta-analysis to the primary outcome of treatment success; nevertheless, the substantial heterogeneity between studies means that this estimate needs to be interpreted with caution. 27, 28 Publication bias is an ever-present concern, but is unlikely to be important for this review given the range of reported outcomes. The use of observational data means that all results are potentially subject to unmeasured confounding. Clofazimine was not the only drug used against DR-TB in these studies, so outcomes cannot be definitely ascribed to clofazimine. Finally, the inconsistent use of DST in general, and the lack of reliable DST for clofazimine in particular, means that it was not possible to determine whether observed outcomes were influenced by pre-treatment resistance patterns.
Conclusions
Outcomes of clofazimine-containing regimens are in line with drug-resistant (DR) treatment in general, and clofazimine appears to be associated with a lower incidence of serious adverse effects compared with other second-line therapeutics, suggesting that clofazimine could potentially be considered as an additional therapeutic agent for the treatment of DR-TB. However, there are several important barriers to the use of clofazimine. Currently, most of global supply of clofazimine is used for and restricted to first-line management of leprosy. 10, 35, 36 Despite recent studies showing the clinical success of repurposing the drug for DR-TB, there are issues accessing clofazimine for Systematic review 291 JAC DR-TB. 37, 38 At an annual cost of $114 (300 mg daily) per patient, clofazimine could be potentially more affordable than other DR-TB drugs. 39 A meeting at the WHO in Geneva in March 2012 highlighted that clofazimine is one of the two most important second-line drugs and needs to be made more accessible for use in low-resource settings.
37
This review points to several directions for future research. Firstly, the optimum duration and dose of clofazimine therapy needs to be established. Although clofazimine is planned to be included in a number of upcoming clinical trials for DR-TB, none will specifically assess clofazimine's action in a treatment regimen for DR-TB. Secondly, more pre-clinical studies assessing the potential synergistic action that clofazimine can have with other TB drugs would be beneficial. Finally, more data on clofazimine use in DR-TB-infected subpopulations such as HIVpositive patients and children are needed.
